ABSTRACT Four-terminal poly-Si thin-film transistors (TFTs), with a counter-doped body terminal connected to the floating channel, can suppress both dc and dynamic hot-carrier (HC) degradation of TFTs. With 3-D TCAD simulation, we clarify the underlying mechanisms of the suppression effect and analyze its dependence on the position and width of the body terminal. Under dc HC condition, a wider body terminal or that closer to the drain collects more holes generated from impact ionization in the drain depletion region and suppresses the parasitic bipolar junction transistor effect, subsequently reduces the kink current more effectively. Under dynamic HC condition, the body terminal injects holes at the end of the falling time of the gate pulse, partially removes the non-equilibrium state, significantly relieves the transient maximum electric field in the drain depletion region, thus suppresses the dynamic HC degradation. A wider body terminal can inject more holes and the holes injected by that closer to the drain diffuse to drain depletion region first, thus suppress the dynamic HC degradation better.
I. INTRODUCTION
Low temperature poly-Si thin-film transistors (TFTs) are widely used for flat panel displays, including active matrix liquid crystal displays (AMLCDs) and organic light-emitting diodes (AMOLED) displays, for integration of pixel matrix and driver circuits on the same panel [1] . However, polySi TFTs suffer from various electric stresses in practical applications. Under a DC high drain bias (V d ), carrier impact ionization will occur in the drain depletion region, causing a rapid increase of the drain current (I d ) with V d in the output characteristic [2] , i.e., the kink current and the relevant hot-carrier (HC) degradation [3] . In AC condition where gate voltage (V g ) pulses switch between the ON and OFF states, dynamic HC degradation occurs, deteriorating TFTs reliability [4] - [6] . Previously, a kind of four-terminal TFTs with a counter-doped body terminal connected to the floating channel was proposed [7] , which can effectively reduce the kink current and improve the DC HC reliability [7] - [9] . Recently, it was reported that the four-terminal TFTs could greatly suppress the dynamic HC degradation, far more effective than the lightly-doped-drain TFTs [9] . Obviously, the body terminal plays an important role in reliability assurance of the four-terminal TFTs. Hence, it is necessary to understand the underlying mechanisms and optimize its structure. For this purpose, in this work three-dimensional (3D) TCAD simulation is carried out under both DC and AC HC conditions, for body terminals with different widths and positions, to analyze the suppression effect on both DC and dynamic HC degradation. The underlying mechanisms of TFT's reliability enhancement by the body terminal under both DC and dynamic HC conditions are clarified. Based on simulation, provide direct evidences such as holes collection/injection, and drain field lowering to support the proposed mechanisms. Thus, the four-terminal TFTs can be further optimized towards superior reliability.
II. DEVICE STRUCTURE
First, 3D TCAD model of a conventional poly-Si TFT is established using SILVACO tool. Simulated transfer and output characteristics are fitted with experimental data to extract TFT's material parameters. Afterwards, four-terminal TFTs model is built by adding the body terminal of varied width (W B ) and position (L B is the distance between the terminal and drain). Fig. 1 shows the perspective view of an n-channel four-terminal poly-Si TFT. The channel length and width is 36 and 6 µm respectively. Gate is defined to overlap the source/drain (S/D) region with a length of 2 µm. The channel extends 2.5 µm along the width direction to connect with a p + body terminal. Fabrication details of TFTs please refer to [9] . According to different positions and widths of the terminals, two sets of TFTs are simulated: (1) W B is fixed at 12 µm, and L B = 2, 12 and 22 µm respectively; (2) W B = 6, 12, 18 and 36 µm respectively, and the body terminal is located at the middle of the channel side. Then, the four-terminal TFTs are analyzed using TCAD simulator under both the DC and dynamic HC conditions. 
III. RESULTS AND DISCUSSIONS

A. IV FITTING OF CONVENTIONAL TFTS
Transfer and output characteristics of a conventional TFT are fitted with the experimental data. Fig. 2 is the fitting of the transfer curves at V d = 0.1 V and 5 V; Fig. 3 is the output curves fitting at V g = 5 and 6 V, where V d ranges from 0 to 11 V. From both figures one sees that simulated curves fit well with the experimental data, suggesting that TFT simulation model as well as model parameters as listed in Table 1 are reasonable. The density of states (DOS) distribution of acceptor-like traps in the band gap of poly-Si channel including both the deep and tail states is expressed as [10] :
where N ta is DOS of the tail traps at the conduction band edge (E c ), W ta is the inverse of the slope of the exponential distribution of the tail traps. 
Here, E is the electric field in the TFTs. A N , A P , B N and B P are parameters fitting with the kink current as listed in the 
B. SIMULATION UNDER DC HC CONDITION
In the DC HC condition, the kink current (I k ) is inherently related to the HC effect. Thus, the effect of the position and width of the body terminal on I k is investigated. In the simulation, source and body terminal are grounded, V g is set as 5 V, and V d ranges from 1 to 11 V. Fig. 4 to the drain have smaller I k . In this group, the TFT with L B = 2 µm has the smallest I k . At V d = 11 V, I k drops 6% compared to the conventional one. Fig. 4 (b) shows simulated normalized output curves of TFTs with different W B s. One sees that TFTs with wider body terminal have smaller I k . In this group, the TFT with W B = 36 µm has the smallest I k . At V d = 11 V, it drops 9% compared to the conventional one. Note that immunity of four-terminal TFTs to the DC HC degradation is much improved than conventional ones with 10 times lifetime extension observed [9] , consistent with the suppression of I k in four-terminal TFTs. Previous study [8] proposed that four-terminal TFTs could relieve electric field at the drain junction and suppress the kink current. Thus, at V g /V d = 5 V /11 V the maximum electric field (E max ) along the channel length direction within drain depletion region is extracted for all TFTs with different L B s and W B s, as compared in Table 3 . However, it is found that all values of E max are almost the same among different TFTs. The difference is within 0.5%, and the lowest value of E max does not appear in the TFT with the smallest I k . The impact ionization rates should also be basically the same for all TFTs. Thus, the suppression of I k in the four-terminal TFTs cannot be attributed to lowering of the electric field at the drain junction. From Table 3 one sees that for all TFTs under DC HC condition, E max is enough to cause impact ionization within the drain depletion region, and generate large quantities of electron-hole pairs. In conventional TFTs, holes generated from impact ionization will transport and accumulate near the source, increase the body potential wherein. PN junction between the source and the floating channel will be forwardly biased so that more electrons will be injected from the source into the channel, further increasing the carrier impact ionization. This is the parasitic BJT effect [2] , [13] , [14] , which increases I k based on a positive feedback among the source, channel and drain. In four-terminal TFTs, however, the generated holes in the drain depletion region can partly flow into the grounded p + body terminal. Subsequently, amount of holes that can accumulate near the source would be much reduced, as well as the relevant parasitic BJT effect. This could be the underlying mechanism to suppress I k and the DC HC effect.
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To examine the proposed mechanism, body terminal current (I B ) of four-terminal TFTs is extracted using the TCAD tool. Positive I B means that current flows into the body terminal. , one respectively sees that TFTs with a body terminal that is closer to the drain or has a wider W B have larger I B . In order to clarify the origin of I B , two TFTs of L B = 2 µm and W B = 36 µm, which have the maximum I B in two TFT groups, are taken as examples. In the TCAD simulation, the impact ionization model is deliberately excluded to observe the influence on I B . One finds from the curves excluding the impact ionization model in Fig. 5 , that I B immediately drops to a negligibly level of 10 −15 A. Clearly, I B correlates with the impact ionization in the drain depletion region. Hence, we can reasonably attribute I B to the holes current bypassed into the p + body terminal from generated holes near the drain. Holes concentration nearer the drain is larger, so that a body terminal closer to the drain or of a wider W B can collect more holes current, leading to the observed dependence of I B on L B or W B . Furthermore, since E max and impact ionization near the drain are about the same for all TFTs, for TFTs having a larger I B the amount of holes which can accumulate near the source must be fewer, and the relevant parasitic BJT effect must be weaker. That satisfactorily explains the observation that TFT with a body terminal closer to the drain or of a wider W B can suppress I k better.
C. SIMULATION UNDER AC HC CONDITION
Under dynamic HC condition of TFTs, V g periodically switches between the ON and OFF states. During the falling time (t f ) of V g pulse for conventional n-channel TFT, holes thermal generation cannot follow the steep V g transition, so that the channel enters a non-equilibrium state rather than the accumulation of holes. Junctions are formed between the channel and n + S/D region. In the meanwhile, the PN junctions between the channel and n + S/D become reversely biased due to the V g coupling effect through the gate capacitor [6] . Accordingly, depletion region of the junctions largely expands into the channel; carriers emitted from the deep traps in the non-equilibrium region will be exposed in the large electric field, and be accelerated into HCs, leading to the dynamic HC degradation. In four-terminal TFTs, previous studies [9] , [15] proposed that the p + body terminal could inject holes into the channel instantly during t f transient to remove the non-equilibrium state near the S/D region, so that the relevant dynamic HC degradation was greatly suppressed. To clarify the mechanism, the effect of different positions and widths of the body terminal on the suppression of the dynamic HC degradation is investigated, focusing on two key factors: body injection current (I i ) and E max during the t f transient.
For a typical dynamic HC condition, four-terminal TFTs are applied with periodical V g pulses swinging from 10 V to −10 V, having a period of 2 µs, and duty ratio of 50%. Pulse rising and falling time (t r /t f ) are both fixed at 100 ns. The source and body terminal are grounded while the drain is biased at 5 V. Fig. 6(a) shows the waveform of V g pulses, and Fig. 6(b) is the time dependent I B for TFTs of W B = 12 µm. Comparing two figures, substantial non-zero I B appears only at t f transient. There is an unobvious I B peak at the t r transient, shown in the inset of Fig. 6(b) , which is much lower than that in Fig. 6(b) .
There are two origins of I B during the t f transient: (1) current through the gate capacitor induced by the steep V g transition (I gt ). It is a displacement current associated to the gate insulator, and actually there is no carrier conduction through the gate insulator; (2) body injection current of forwardly biased junction formed between the p + body terminal and the channel (I i ).
I gt can be calculated as:
where dV g /dt is the transition rate of V g , the gate capacitance C g = C ox A g . The gate oxide capacitance per unit area C ox = 3.40 × 10 −16 F/µm 2 is calculated from the gate insulator thickness. In four terminal TFTs, the gate area A g = 270 µm 2 should include the connecting area between the VOLUME 7, 2019 609 channel and the body terminal of W B = 12 µm. One notes that calculated I gt in Eq. (3) agrees well with the simulated result of Fig. 6(b) .
To calculate I i , one must determine the forward bias of the body/channel junction, which appears only during the t f transient. First, the built-in potential of the junction V 0 = 0.45 V is extracted under the thermal equilibrium where all terminals are floated, which is the potential across the junction between the channel and body terminal on the channel surface. On the other hand, on the same positions the potential across the body/channel junction (V CB ) is also extracted under pulsed V g condition. Fig. 6(d) shows time dependent V CB for the same TFT, where the dotted line represents V 0 = 0.45 V. At the beginning of the t f transient, the junction is reversely biased with V CB = 2.9 V > V 0 . Afterwards, V CB drops quickly as the channel switches from the inversion to depletion, and becomes lower than V 0 during the t f transient. In other words, at a moment within t f transient the junction turns on with a forward bias V a = V 0 − V CB and holes start to be injected into the channel from the p + body terminal. With large amount of holes injected, the channel transits into the holes accumulation. In the meanwhile, V CB drops to ∼ 0, holes injection stops and the junction becomes an ohmic-like contact.
Based on above perception, I i can be estimated as the diffusion current of the body junction [16] :
where A j = W B t ch is the cross sectional area of the junction, J d is the diffusion current density, J s is the reverse saturation current density, e is the elementary charge, k is the Boltzmann constant, and T is the room temperature. J s can be calculated as [16] : Finally, one should determine V a to obtain I i from Eq. (4). It is not a constant during the t f transient. Fig. 7 shows timedependent V CB during the t f transient for different TFTs. One sees that starting from the beginning of the t f transient V CB quickly drops below V 0 and the junction turns on after ∼ 20 ns, then V CB falls gradually until ∼ 70 ns, where V CB approaches 0 and the junction becomes ohmic-like contact and the holes injection stops. Therefore, for all TFTs there is ∼ 50 ns transient, during which the body junction injects holes and V a ≈ 0.45 V for most part of the transient. Hence, I i is calculated to be 1.62×10 −10 A for TFT of W B = 12 µm, which is ∼ 5 orders of magnitude lower than I gt . Therefore, in Fig. 6(b) I B is dominated by I gt . Note that both I gt and I i are related to the V g transition, and it's difficult to separate them in the simulation. As shown in Fig. 7(a) , time required for the body/channel junction to turn on during the t f transient depends on the position of the body terminal. The junction near the source (L B = 22 µm) turns on the first, while the one near the drain (L B = 2 µm) turns on the latest. Nevertheless, the difference is very small within 10 ns. Before the t f transient, V g /V d = 10 V /5 V, the channel is inversed and the channel potential increases from the source (0 V) to the drain (5 V). The body junction closer to the drain has a larger reversed bias V CB , as plotted in the Fig. 7(a) inset. Thus, during the 610 VOLUME 7, 2019 During the t f transient, variation of hole concentration in the channel near the drain region for different TFTs is shown as Fig. 8 . After the junction turns on, the holes injected by the body terminal diffuse towards the channel and the S/D region. One sees that the hole concentration in the channel increases sharply and keeps a steady value finally. Thus, hole concentration of the four-terminal TFTs is obviously higher than that of the conventional ones in the end of the t f transient. For different L B s in Fig. 8(a) , hole concentration in the TFT of L B = 2 µm which is near the drain increases earlier at t = 40 ns, for L B = 12 µm and 22 µm hole concentration increase at t = 60 ns and 83 ns respectively. For different W B s in Fig. 8(b) , hole concentration in the TFT of W B = 36 µm increases earlier at t = 36 ns, while for W B = 6 µm, 12 µm and 18 µm they increase later at t = 80 ns, 62 ns and 53 ns respectively.
Under DC HC condition, for each TFT there is a location within the drain depletion region corresponding to E max . Under pulsed V g condition, the E max value extracted at the same position becomes time dependent during the t f transient, as plotted in Fig. 9 for all TFTs. Clearly, the channel/source and channel/drain junctions become reversely biased due to the negative channel voltage capacitively coupled from the V g pulse [6] . Therefore, E max (t) of the conventional TFT keeps increasing during the t f transient, so do the four-terminal TFTs before the peak value of E max (t) appears. However, in four-terminal TFTs, there is an opposite mechanism to reduce E max . Once the body junction turns on, the injected holes will diffuse from the injector to the drain depletion region, resulting in recombination between holes and ionized acceptor-like traps in the depletion region. If such mechanism overwhelms the V g coupling effect that increases E max during the t f transient, it will narrow the drain depletion width and reduce E max (t). One sees from Fig. 9(a) that, E max (t) curve of four-terminal TFT of L B = 2 µm begins to deviate from that of the conventional TFT from t ≈40 ns, and increasing rate of E max (t) becomes lower. For TFTs of L B = 12 µm and 22 µm, such deviation appears at t ≈ 63 ns and 85 ns respectively which are almost synchronized with the hole concentration increasing. The times reflect that injected holes take different periods of time to diffuse into the drain depletion region and holes in the TFT of L B = 2 µm arrive first. Along the t f transient of V g , V CB drops and holes injection becomes significant. For TFTs of L B = 22 µm and W B = 6 µm, E max (t) keeps increasing during the t f transient with the weaker hole injection. However, in other four-terminal TFTs, two effects compensate each other, E max (t) does not increase anymore and peak value of E max (t) appears. Since the holes diffusion is easier for a TFT with a body terminal nearer the drain, such TFT can suppress the dynamic HC degradation more effectively and has a lower peak value of E max (t), as clearly shown in Fig. 9(a) . Afterwards, with the channel transiting from the depletion into the holes accumulation state, the body junction becomes an ohmic-like contact. Following the steep V g transition, holes can now flow freely through the contact, supplying holes to sustain the recombination between holes and ionized acceptor-like traps in the depletion edge. Consequently, the drain depletion width continues to be narrowed and E max (t) decreases further. For different W B s in Fig. 9(b) , the TFT of a wider body terminal has a lower peak value of E max (t). With more holes injected, such TFT can suppress the dynamic HC degradation more effectively. The TFT of W B = 36 µm shows much better suppression effect than others. It is because the edge of its body terminal is very close to the drain (refers to Fig. 1) . Thus E max (t) curve for the TFT of W B = 36 µm deviates from conventional TFT earlier than others, leading to the lowest peak value of E max (t). In Table 4 respective to the conventional TFT. An important point one must mention is that all these values are larger than those listed in Table 3 for the DC HC condition. It explains why dynamic HC degradation of poly-Si TFTs is more severe than the DC one [15] , [17] . With the holes injection, E max of all four-terminal TFTs are reduced significantly. In group (1) the TFT of L B = 2 µm has the lowest peak value of E max (t), with a E of 31%; while in group (2) the TFT of W B = 36 µm has the lowest E max with a E of 36%. Again, a wider body terminal or that nearer the drain can suppress the dynamic HC degradation more effectively.
IV. CONCLUSION
We systematically investigate the suppression effect of the position and width of the body terminal on both DC and dynamic HC degradation of TFTs as well as the underlying mechanisms. DC simulation verifies that the body terminal collects holes generated from impact ionization in the drain depletion region and weaken parasitic BJT effect, subsequently reduce kink current. AC simulation shows holes injected by body terminal during the falling time of the V g pulse can significantly reduce the maximum electric field across drain depletion region to suppress dynamic HC degradation. Both DC/AC simulation show that a wider body terminal or that closer to the drain can suppress kink effect and dynamic HC degradation more effectively. This new structure can effectively improve the performance of devices and may become the solution of active matrix in the future. The work of this paper has an important role in the design of four-terminal TFTs.
